Introduction {#sec1-0300060519839625}
============

As the aging of society has progressed, the prevalence of cardio-cerebrovascular diseases (CCVDs) has significantly increased.^[@bibr1-0300060519839625]^ CCVDs have become one of the most disabling and lethal diseases worldwide, with ischemic CCVDs accounting for the majority. Atherosclerosis (AS) is the main pathological basis of ischemic CCVDs, and the intimal thickness (IT) is a key evaluation indicator for AS.^[@bibr2-0300060519839625][@bibr3-0300060519839625]--[@bibr4-0300060519839625]^ The endarterium is normally very thin, and the endovascular cavity contains a layer of endothelial cells and a layer of red continuous elastic membrane. A critical reason for the inability to effectively control ischemic CCVDs is that the current medical technology cannot successfully prevent the physiological and pathological changes that affect the IT.^[@bibr5-0300060519839625],[@bibr6-0300060519839625]^ Biological, environmental, genetic, physical, and other factors can collectively promote IT-related lesions. Increasingly more studies are showing that chronic stress (CS) plays a key role in changes of the IT.^[@bibr7-0300060519839625][@bibr8-0300060519839625]--[@bibr9-0300060519839625]^

CS refers to the nonspecific systemic reactions that occur when the body is stimulated by various internal and external negative factors for a long period of time. Long-term CS events are crucial predisposing factors for physical and mental diseases. Approximately 40% of cases of AS in patients without traditional risk factors are associated with CS.^[@bibr10-0300060519839625],[@bibr11-0300060519839625]^ Epidemiological investigations and laboratory studies have shown that high-intensity stress has become a significant factor in the pathogenesis of AS.^[@bibr12-0300060519839625]^ However, the mechanism underlying the occurrence and development of CS-induced AS remains unclear. Heidt et al.^[@bibr13-0300060519839625]^ showed that CS promotes the formation of AS by overactivation of the hypothalamic-pituitary-adrenal (HPA) axis and is closely related to inflammatory factors such as interleukin-6 (IL-6).

The HPA axis is an important part of the neuroendocrine system. It is a neuroendocrine regulatory axis with both direct and feedback effects. The HPA axis is also involved in controlling the response and activity of the CS system and regulating numerous physical activities such as emotional responses, the immune system, and energy storage and consumption.^[@bibr14-0300060519839625]^ When the body perceives an imbalance in its internal environment after exposure to long-term CS, the HPA axis is involved in controlling the body's stress response and regulating the metabolism of various energy sources and substances in the body. Okutsu et al.^[@bibr15-0300060519839625]^ showed that a variety of psychological and physiological stresses can lead to hyperfunction of the HPA axis and that hyperactivity of the HPA axis is the key point of bodily damage caused by stress. The adrenal gland, as the target organ of the HPA axis, is stimulated by adrenocorticotropic hormone secreted by the pituitary gland during long-term CS. Corresponding physiological and pathological changes then occur, followed by changes in the volume and morphology of the adrenal gland.^[@bibr16-0300060519839625]^

The secretion of IL-6 can increase as a result of long-term CS.^[@bibr17-0300060519839625]^ IL-6 is a cytokine that stimulates the growth and differentiation of B-lymphocytes, and it serves as a growth factor for hybridomas and plasmacytomas. As an important inflammatory mediator in the body, IL-6 can stimulate immune cell proliferation and differentiation and enhance immune cell function. IL-6 is mainly produced in vascular endothelial cells, monocyte macrophages, fibroblasts, T lymphocytes, B lymphocytes, and keratinocytes.^[@bibr18-0300060519839625]^ Under CS, the secretion of IL-6 is increased. This results in the release of monocyte chemotactic protein, promotion of monocyte migration into the vascular endothelium, and destruction of the normal vascular endothelial structure and function. All of these changes intensify the inflammatory reaction and promote the occurrence of AS.^[@bibr19-0300060519839625]^

Most of the currently available prediction models of CCVDs were established based on qualitative lifestyle risk factors with the aim of assessing risk probability in the population.^[@bibr20-0300060519839625][@bibr21-0300060519839625]--[@bibr22-0300060519839625]^ However, few studies have used quantitative risk factors to establish a prediction model and determine the high-risk warning range for changes in the IT under long-term CS. Therefore, the present study was performed to establish a predictive model of IT changes in patients with AS and analyze the high-risk warning range of changes in the IT. This was accomplished by establishing a CS animal model, using a neural network and cubic spline interpolation algorithm, and utilizing the adrenal gland weight and blood IL-6 concentration. The results of this study will provide a scientific basis for the development of guidelines for the prevention and treatment of CCVDs.

Materials and methods {#sec2-0300060519839625}
=====================

Animals and diet {#sec3-0300060519839625}
----------------

Thirty-seven New Zealand white rabbits (approximate age, 3 months; mean body weight, 3.0 ± 0.2 kg) were obtained from the Institute of Laboratory Animal Sciences of the Chinese Academy of Medical Sciences and Peking Union Medical College. During the first week of the study, the rabbits were allowed to adapt to the new environment (25°C ± 2°C; relative humidity, 60% ± 2%). All rabbits were raised alone in cages with free access to food and water.

The rabbits were randomly divided into three different groups: the control group (n = 11), the high-fat (HF) diet group (HF group, n = 13), and the HF diet plus CS group (HF+CS group, n = 13). Ethical approval of this study was provided by the Animal Care and Use Committee. All procedures were in accordance with the ethical standards of the institutional ethical committee and with the 1964 Helsinki declaration and its later amendments. All applicable international, national, and/or institutional guidelines for the care and use of animals were followed.

CS assay {#sec4-0300060519839625}
--------

CS was induced as described in a previous report.^[@bibr23-0300060519839625]^ First, noise stimulation was performed by sounding an alarm at about 110 decibels (dB) for 5 seconds, followed by 5 minutes of silence; this was repeated for 3 hours. Second, flash and alarm stimulation was performed by implementing a flash plus the continuous alarm (about 85 dB) for 2 hours after the lights were turned off in the laboratory. Third, constraint stimulation was performed by limiting the rabbit's activity with a rabbit box for 3 hours. Fourth, lighting stimulation was performed by implementation of continuous lighting after 19:00. Fifth, fear stimulation was performed by hanging the cages, and the cages inclined when the rabbits moved slightly. This step was continued for 2 hours. Finally, water was withheld for 24 hours, and food was withheld for the next 24 hours. The CS period was 7 days, and one cycle was implemented per month. The procedure was continued for 2 months.

Weights of right and left adrenal glands {#sec5-0300060519839625}
----------------------------------------

The bilateral adrenal glands were separated from all rabbits. Excess connective tissue was removed with an ophthalmic tweezers, and the clean bilateral adrenal glands were weighed with an electronic scale. The weight of the right adrenal (WRA) and weight of the left adrenal (WLA) were acquired.

Detection of serum IL-6 concentration {#sec6-0300060519839625}
-------------------------------------

Blood samples were collected with the rabbits under chloral hydrate anesthesia. An ethylenediaminetetraacetic acid anticoagulant tube was used to store 0.4 mL of blood. IL-6 was detected by a commercially available enzyme-linked immunosorbent assay kit (R&D Systems, Minneapolis, MN, USA).

Measurement of IT of abdominal artery {#sec7-0300060519839625}
-------------------------------------

After blood collection, the abdominal artery was dissected and cut into segments. Part of the artery was fixed in 4% poly-formaldehyde solution and processed for paraffin embedding and sectioning. The abdominal artery was then cut into 6-μm-thick transverse sections and stained with hematoxylin and eosin. The IT of the atherosclerotic plaques was measured in hematoxylin- and eosin-stained sections of the abdominal artery under a microscope (Axio Zoom.V16; ZEISS, Oberkochen, Germany) using Image-Pro Plus 5.0 software (Media Cybernetics, Rockville, MD, USA). The IT was calculated as the radius bounded by the inner elastic membrane minus the radius of the lumen.

Statistical analysis {#sec8-0300060519839625}
--------------------

All statistical analyses were conducted using SPSS software, version 21.0 (IBM Corp., Armonk, NY, USA). Spearman's rho test was executed to compare the adrenal weight and serum IL-6 concentration for the correlation analysis. A cubic spline interpolation algorithm was implemented to analyze the high-risk warning range of the IT. A p-value of \<0.05 was considered statistically significant.

Neural network modeling {#sec9-0300060519839625}
-----------------------

A neural network is a computing system that utilizes a large number of connected artificial neurons to simulate the computing capacity of a biological system. A neural network is composed of many simple processing elements known as neurons. In a neural network, each neuron links connections to other neurons through direct communication. Each neuron has an associated weight, and the network is used to solve the problem of information, as shown in the model below.![](10.1177_0300060519839625-img1.jpg)

The basic algorithm of neural network modeling is as follows. All weights are given at random $\left\{ w_{\mathit{ji}} \right\}\left\{ v_{\mathit{ih}} \right\}$, including the threshold value, which is generally in the random of {−1, 1}.Based on the $s\left( k \right)$, calculate: $$\mathit{ne}t_{\mathit{i}}^{\mathit{A}}\left( k \right) = \sum\limits_{h = 1}^{n + 1}v_{\mathit{ih}}s_{h}\left( k \right),\quad i = 1\ldots p$$ $$a_{i}\left( k \right) = \sigma\left( {\mathit{ne}t_{\mathit{i}}^{\mathit{A}}\left( k \right)} \right),\quad i = 1\ldots p$$

Note: $s_{n + 1}\left( k \right) = 1,\quad v_{\mathit{in} + 1} = \theta_{i}$ 3. Calculate: $$y_{j}\left( k \right) = \sum\limits_{j = 1}^{p + 1}w_{\mathit{ji}}\left( k \right)a_{i}\left( k \right),\quad j = 1\ldots q$$

Note: $w_{\mathit{jp} + 1} = r_{j}$

4\. Calculate: $$e_{\mathit{yj}}\left( k \right) = d_{j}\left( k \right) - y_{j}\left( k \right),\quad j = 1\ldots q$$ $$e_{\mathit{ai}}\left( k \right) = a_{i}\left( k \right)\left( {1 - a_{i}\left( k \right)} \right)\sum\limits_{j = 1}^{q}w_{\mathit{ji}}e_{\mathit{yj}}\left( k \right),\quad j = 1\ldots q$$

5\. Train $\left\{ w_{\mathit{ji}} \right\}\left\{ v_{\mathit{ih}} \right\}$ $$\begin{matrix}
{w_{\mathit{ji}}\left( {k + 1} \right) = w_{\mathit{ji}}\left( k \right) - \eta a_{i}\left( k \right)e_{\mathit{yj}}\left( k \right),} \\
{i = 1\ldots p + 1,\quad j = 1\ldots q} \\
{v_{\mathit{ih}}\left( {k + 1} \right) = v_{\mathit{ih}}\left( k \right) - \eta e_{\mathit{ai}}\left( k \right)s_{h}\left( k \right),} \\
{i = 1\ldots p + 1,\quad h = 1\ldots n + 1} \\
\end{matrix}$$6. Turn to (2), and train repeatedly.7. Train stop.

The training group was randomly divided into training data and calibration data in a 7:3 proportion. There were 26 individuals in the training data and 11 individuals in the calibration data. Matlab8.3 was used to accomplish the normalization processing of variable values, network initialization, network training, and network simulation. The number of input neurons in the input layer was the same as the number of input variables; i.e., two. The hidden layer was designed as one layer, and the output layer was also designed for one layer. One output variable was the IT. The forecast model was then established with a hidden unit number of 6. When training to 5000 steps after repeated training, the falling gradient was 0, and the training speed was uniform. At the same time, the training error was 0.036839, and the R (relativity) value reached 0.94785.

Results {#sec10-0300060519839625}
=======

Strong association between WRA and WLA {#sec11-0300060519839625}
--------------------------------------

Spearman's correlation coefficient analysis revealed that the IT was significantly associated with WRA (p = 0.008), WLA (p = 0.002), and IL-6 (p = 0.023) ([Table 1](#table1-0300060519839625){ref-type="table"}). Spearman's correlation coefficient analysis and linear fit showed that WRA was positively associated with WLA (R = 0.936, p \< 0.001) ([Table 2](#table2-0300060519839625){ref-type="table"}, [Figure 1](#fig1-0300060519839625){ref-type="fig"}). Therefore, for further analysis, the neural network model could consider one factor, such as WLA.

![Linear correlation between the weight of the left adrenal and weight of the right adrenal.](10.1177_0300060519839625-fig1){#fig1-0300060519839625}

###### 

Associations between intimal thickness and relevant metabolic characteristics.

![](10.1177_0300060519839625-table1)

  Characteristics   Spearman's rank correlation coefficient   
  ----------------- ----------------------------------------- ---------
  WRA               0.428                                     0.008\*
  WLA               0.487                                     0.002\*
  IL-6              −0.374                                    0.023\*

Spearman's rank correlation coefficient between intimal thickness and relevant characteristics.

ρ: Spearman's correlation coefficient. \*Significant variables (p \< 0.05).

WRA, weight of right adrenal; WLA, weight of left adrenal; IL-6, interleukin-6.

###### 

Associations between WRA and WLA.

![](10.1177_0300060519839625-table2)

  Data   n    Mean      SD        R       p-value
  ------ ---- --------- --------- ------- -----------
  WRA    37   0.35583   0.19908   0.936   \<0.001\*
  WLA    37   0.38806   0.22099           

IT, intimal thickness; SD, standard deviation; R, Spearman's rank correlation coefficient;

WRA, weight of right adrenal; WLA, weight of left adrenal. \*Significant variables (p \< 0.05).

Neural network prediction model of IT {#sec12-0300060519839625}
-------------------------------------

The neural network prediction model was successfully established, attaining the best training performance in which the mean squared error was 0.036839 at epoch 5000 ([Figure 2(a)](#fig2-0300060519839625){ref-type="fig"}) and the R (relativity) was 0.94785 ([Figure 2(b)](#fig2-0300060519839625){ref-type="fig"}).

![Neural network prediction model of intimal thickness in atherosclerosis. (a) The best training performance was 0.036839 at epoch 5000. (b) The final training model. The relativity was 0.94785.](10.1177_0300060519839625-fig2){#fig2-0300060519839625}

The actual IT and predicted IT were compared to verify the veracity of the neural network prediction model. The variation trend of the predicted IT was similar to the actual IT ([Figure 3(a)](#fig3-0300060519839625){ref-type="fig"}), and the R (relativity) was 0.872 (p \< 0.001) based on Spearman's correlation coefficient analysis and linear fit ([Figure 3(b)](#fig3-0300060519839625){ref-type="fig"}, [Table 3](#table3-0300060519839625){ref-type="table"}). Therefore, the neural network established in this study is worthy of mention.

![Verification of the neural network prediction model. (a) Variation trend of the predicted IT and actual IT. (b) Linear correlation between the predicted IT and actual IT. IT, intimal thickness.](10.1177_0300060519839625-fig3){#fig3-0300060519839625}

###### 

Comparison between the actual IT and predicted IT.

![](10.1177_0300060519839625-table3)

  Data           n    Mean          SD      R       p-value
  -------------- ---- ------------- ------- ------- ---------------------------------------------------------------
  Actual IT      37   0.095944231   0.054   0.872   \<0.001[\*](#table-fn7-0300060519839625){ref-type="table-fn"}
  Predicted IT   37   0.095944289   0.049           

IT, intimal thickness; SD, standard deviation; R, Spearman's rank correlation coefficient.

Significant variables (p \< 0.05).

High-risk warning range of IT {#sec13-0300060519839625}
-----------------------------

Through the cubic spline interpolation algorithm, we identified the high-risk warning indicator of the AS IT as follows: 0.445 \< WLA \< 0.610 g and 60 ng/L\< serum IL-6 concentration \< 80 ng/L, presented as the color "red" in the planform ([Figure 4(a)](#fig4-0300060519839625){ref-type="fig"}). In addition, a three-dimensional stereogram was created to observe the high-risk warning range vividly and intuitively ([Figure 4(b)](#fig4-0300060519839625){ref-type="fig"}).

![High-risk warning range of intimal thickness in atherosclerosis. The color represents the intimal thickness: red represents high, green represents medium, and blue represents low. (a) Planform. (b) Three-dimensional stereogram.](10.1177_0300060519839625-fig4){#fig4-0300060519839625}

Discussion {#sec14-0300060519839625}
==========

This study showed that during long-term CS, the WLA, WRA, and serum IL-6 concentration were significantly correlated with the IT of AS. In addition, the change in WLA showed a significant positive correlation with WRA. Therefore, the prediction model of IT was successfully established using the neural network algorithm, WLA, and serum IL-6. By the cubic spline interpolation algorithm, the following high-risk warning range was obtained: 0.445 g\< WLA \< 0.610 g and 60 ng/L \< serum IL-6 concentration \< 80 ng/L.

Several mature CCVDs prediction models have been established, and the most mature model is the result of research by D\'Agostino et al.^[@bibr24-0300060519839625]^ The predicted results of their study have been used in many countries as an important basis for formulating and revising guidelines for the prevention and treatment of hypertension and dyslipidemia. However, these models also have the following defects: most of the models used are Cox proportional risk regression models with generally weak extrapolation ability, and most of the predictors are qualitative lifestyle risk factors, which are greatly influenced by subjective factors.^[@bibr20-0300060519839625][@bibr21-0300060519839625]--[@bibr22-0300060519839625]^

The prediction model established in the present study may compensate for the deficiencies mentioned above. First, the neural network model is a modern multivariate, nonlinear model. (1) Multivariate: The neural network is a computing system that uses a large number of connected artificial neurons to simulate the computing capacity of a biological system. (2) Nonlinear: The wisdom of the brain is a nonlinear phenomenon. Artificial neurons are in one of two different states, either activation or inhibition, and this behavior shows a nonlinear relationship in mathematics. The pathogenesis of diseases is a complex process affected by multiple factors. Traditional statistical methods often require normality and independence of variables, and the prediction of diseases is very limited. The advantages of neural network models are suitable for the prediction of disease risks.^[@bibr2-0300060519839625],[@bibr25-0300060519839625],[@bibr26-0300060519839625]^ Second, the prediction model was constructed using two quantitative indicators, the WLA and serum IL-6 concentration, which can effectively avoid the interference of subjective factors and can be explained by nervous system, endocrine, and inflammatory mechanisms. Additionally, some studies have used neural networks and quantitative indicators to predict other disease indexes.^[@bibr25-0300060519839625],[@bibr27-0300060519839625],[@bibr28-0300060519839625]^

The adrenal gland is the terminal organ of the HPA axis, and changes in its weight also reflect the functional changes in the HPA axis to some extent. The hippocampus, which regulates the stress response, is the high regulatory center of the HPA axis.^[@bibr29-0300060519839625]^ The normal hippocampus inhibits activation of the HPA axis, and the hippocampal glucocorticoid (GC) receptor is sensitive and vulnerable to the stress response. The HPA axis plays an important role in lipid and glucose metabolism in the body.^[@bibr30-0300060519839625]^ In the normal physiological condition, GC exhibits negative feedback regulation of the HPA axis,^[@bibr31-0300060519839625]^ but under the condition of stress, the following changes occur: 1) the hippocampus is impaired; 2) the function of the HPA axis is enhanced; 3) the hypothalamic secretion of corticotropin-releasing hormone is excessive; 4) excessive corticotropin-releasing hormone stimulates increased pituitary secretion of adrenocorticotropic hormone; 5) GC secretion then becomes excessive, which can cause dysregulation of the negative feedback mechanism of the HPA axis; and 6) continued hyperfunction of the HPA axis ultimately results.^[@bibr32-0300060519839625]^ The plasma levels of catecholamines and glucagon are elevated during stress, and GC can synergize with them to increase the activity of protein lipase and hepatic lipase and accelerate the decomposition of fat, thereby increasing the free fatty acid content; this improves the synthesis of triglycerides and very-low-density lipoprotein in the liver, promoting the occurrence of hyperlipidemia.^[@bibr33-0300060519839625]^ However, elevated GC during stress affects signal transduction of insulin signaling in the body, causing insulin resistance while raising blood sugar levels by promoting hepatic gluconeogenesis and stimulation of glucagon secretion, leading to decreased glucose tolerance and promoting the development of type 2 diabetes. This in turn exacerbates the damage to the vascular endothelial cells and causes lipids to be deposited under the endothelium.^[@bibr34-0300060519839625]^

Studies have shown that IL-6 is mainly produced by activated mononuclear macrophages and is related to the inflammatory reaction.^[@bibr35-0300060519839625],[@bibr36-0300060519839625]^ IL-6 can also stimulate the production of C-reactive protein in macrophages and promote platelet aggregation. Moreover, IL-6 can cause the proliferation of vascular smooth muscle cells, the progression of arteriosclerosis, and the development of plaques from stability to instability, leading to the occurrence of acute ischemic CCVDs. Studies have also shown that atherosclerosis is the result of an imbalance in endothelial cell repair ability and inflammation regulation.^[@bibr2-0300060519839625],[@bibr37-0300060519839625],[@bibr38-0300060519839625]^ The inflammatory reaction is derived from a combination of inflammatory cells, transmitters, and cytokines. Oxidized low-density lipoprotein activates vascular endothelial cells, reduces the synthesis of nitric oxide, and increases the expression of inflammatory factors. The inflammatory effect is thus significantly amplified, with serum IL-6 being the most common and important inflammatory cytokine.^[@bibr39-0300060519839625],[@bibr40-0300060519839625]^

The present study had some limitations. The application of a neural network algorithm in the field of medicine has just started.^[@bibr41-0300060519839625],[@bibr42-0300060519839625]^ Some problems remain unsolved, such as the hypothesis test of the weight coefficient, the confidence interval of the weight coefficient, the epidemiological significance of the weight coefficient, and the selection of input variables. In the present study, 37 samples were used to train the code. All data were obtained from experimental animals, which were strictly and precisely controlled by the researchers. This was a preliminary theoretical exploration that provides insight for follow-up research; it has not reached the application level. In future clinical work, we will focus on collecting more patient-related information to verify the theory. To further verify the scientific and extrapolated nature of the model, a prospective multicenter controlled study should be conducted among a wide range of community populations to verify and improve the prediction model.^[@bibr43-0300060519839625],[@bibr44-0300060519839625]^

Conclusion {#sec15-0300060519839625}
==========

The herein-described neural network model based on WLA and IL-6 could predict the IT of AS. When 0.445 g \< WLA \< 0.610 g and 60 ng/L \< IL-6 \< 80 ng/L, the risk of developing AS is very high. Therefore, the combined predictive effect of the WLA and serum IL-6 concentration could be used as a diagnostic biomarker for the IT of AS in clinical practice. The neural network algorithm is a promising method for the prediction of AS.
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